Continuous culture under elevated pressures is an important technique for expanding the exploration of microbial growth and survival in extreme environments associated with the deep biosphere. Here we present a benchtop stirred continuous culture bioreactor capable of withstanding temperatures ranging from 25 to 120°C and pressures as high as 69 MPa. The system is configured to allow the employment of media enriched in dissolved gases, under oxic or anoxic conditions, while permitting periodic sampling of the incubated organisms with minimal physical/chemical disturbance inside the reactor. In a pilot experiment, the fermentative growth of the thermopiezophilic bacterium Marinitoga piezophila was investigated continuously for 382 h at 65°C and at pressures ranging from 0.1 to 40 MPa while the medium flow rate was varied from 2 to 0.025 ml/min. The enhanced growth observed at 30 and 40 MPa and 0.025 ml/min supports the pressure preferences of M. piezophila when grown fermentatively. This assay successfully demonstrates the capabilities of the bioreactor for continuous culturing at a variety of dilution rates, pressures, and temperatures. We anticipate that this technology will accelerate our understanding of the physiological and metabolic status of microorganisms under temperature, pressure, and energy regimes resembling those of the Earth's piezosphere.
T
he recent trend toward global postgenomic assessments of microbial processes has reestablished the relevance of chemostat cultures for studying physiology and function in association with genetic patterns at the whole-organism level (1) . This trend will require the inclusion of high-pressure microbial processes, because a large fraction of the Bacteria and Archaea is contained in the world's oceans at an average pressure of 38 MPa (2). This piezosphere is variable with depth in terms of thermal and nutrient conditions, extending from the cold/oligotrophic deep ocean to warm, nutrient-rich hydrothermal vents along mid-ocean ridges and subseafloor/continental environments with highly variable sources of energy and thermal gradients (3) (4) (5) . The broad range of pressure-adapted phenotypes in biology (i.e., from piezosensitivity to piezotolerance and piezophily) makes in situ microbial activities hard to predict (6) (7) (8) (9) . At the moment, it is not known how these phenotypes may be linked to different energetic conditions, from bare support of maintenance processes at minimal growth rates to competition with kinetically favorable abiotic reactions (10, 11) . Limited observations have already generated some relationships between phylogeny, function, and piezophily in several heterotrophs from the Alphaproteobacteria (4, 12) . However, the few known links between pressure responses, metabolism, and phylogeny are unable to provide general concepts in high-pressure microbial ecology.
Here we present a novel high-pressure bioreactor developed to facilitate the classical rate/substrate-controlled continuous culture of microorganisms while also providing the capacity for pressure and temperature manipulations. Culturing, which can be conducted aerobically or anaerobically, commences under gastight conditions, allowing for the employment of media enriched in dissolved gases. To our knowledge, this is the first experimental design for high-pressure microbial culturing that allows for both (i) multifunctional capability and (ii) subsampling that prevents the development of shear forces responsible for cell lysis. The operation of the bioreactor is demonstrated in a pilot experiment involving the continuous growth of Marinitoga piezophila from 0.1 to 40 MPa with residence times ranging from 1 to 77 h, corresponding to dilution rates (D) of 1.043 to 0.013 h Ϫ1 , respectively. M. piezophila is a relevant microbial model for this assay, because it has been isolated from a deep-sea hydrothermal vent at the East Pacific Rise (latitude, 13°N in the Pacific Ocean; depth, 2,630 m) and has been described as a piezophile with an optimum pressure for growth (P opt ) of 40 MPa at 65°C (13) . The goal of this technological development is to provide a culture-dependent tool operating with a broad range of physicochemical variables that, in combination with molecular techniques, can contribute to defining the boundaries between pressure, temperature, and energy that constrain life activities in the environment. These efforts have been motivated by the need for experimental tools for advancing laboratory science in parallel with deep-ocean exploration.
MATERIALS AND METHODS
Design of the high-pressure bioreactor. The integrated system allows for the culturing of microorganisms under hydrostatic pressures from 0.1 to 69 MPa (and up to 138 MPa with ongoing developments) and at temperatures ranging from 25 to 120°C. The main component of the system is a fixed-volume (115-ml) titanium cylindrical reactor (with a pressure rating of 150 MPa) [ Fig. 1(i) ] that permits the homogeneous mixing of microbial cells and the medium at high pressures and temperatures. With the use of a series of valves and inline filters (Fig. 1) , the system can be operated as either (i) a chemostat providing a continuous flow of a gas-enriched medium, (ii) a retentostat, by restricting the outflow of microorganisms from the reaction cell, or (iii) a batch reactor whereby medium delivery is stopped to allow microbial growth in a closed system. The volume capacity of the titanium cylindrical reactor makes possible the collection of biomass at amounts required for molecular analyses, which is usually limited by volume size in high-pressure culturing. Moreover, the integrated system operating as a chemostat allows for the monitoring of steady-state growth across a spectrum of pressure, temperature, redox, and substrate availability conditions.
The medium solution is delivered in a pulse-free fluid flow by a highprecision dual-syringe titanium pump (Quizix SP 5000) [ Fig. 1 (ii)] under gas-tight conditions. The medium is preenriched with dissolved gases (e.g., H 2 , N 2 , CO 2 ) at user-determined concentrations in a reservoir bottle [ Fig. 1(iii) ] that can withstand 60 lb/in 2 (0.4 MPa) of headspace partial pressure (measured by a high-precision digital pressure transducer [Heise model ). Upon the opening of a series of valves between the gascharged fluid reservoir, the syringe pump, and the bioreactor {e.g., the "2-1" pressure valve [ Fig. 1(iv) ]}, the medium flows at precisely controlled rates ranging from 0.015 to 15 ml/min (Ϯ1 nl/min). Inline filters [ Fig. 1(v) ] can be added along the inflow and outflow streams to reduce the risk of contamination. By adjusting the flow rates for fluid delivery, we control the residence time of the medium in the bioreactor and thus constrain the growth rate of microorganisms. Inside the bioreactor, the medium solution and cultures are homogenized at high pressure by the use of a magnetic agitator [ Fig. 1(vi) ] that can operate at speeds as high as 500 rpm at 50 MPa. During continuous culturing experiments, elevatedpressure conditions are maintained constant with a digital back pressure regulator (DBPR-5; Coretest) [ Fig. 1(vii) ].
The system implements two heating zones [ Fig. 1(viii) ], which are independently controlled and monitored in situ by temperature controllers [ Fig. 1(ix) ] with autotuning capabilities that provide maximum thermal stability (Ϯ0.5°C). Titanium-sheathed thermocouples [ Fig. 1(x) ] are placed in contact with the medium, inside the reactor. The medium solution is preheated prior to entering the reaction cell, minimizing the development of thermal perturbations during fluid mixing inside the bioreac- tor. The system is designed to provide a precise and fine adjustment of the temperature conditions while minimizing the thermal gradient, allowing microorganisms to grow at an undisturbed temperature while fresh medium is supplied at all times ( Fig. 1) . Sterilization procedures. The whole experimental system is decontaminated prior to the experiment by employing the following protocol: (i) flushing a 10% (by weight) sodium hypochlorite aqueous solution at 2 ml/min followed by a 50% (vol/vol) ethanol aqueous solution for at least 1 h and (ii) rinsing and autoclaving the titanium reactor at 150°C (vapor saturation pressure) with autoclaved deionized water (2 ml/min) to remove traces of sterilizing solutions.
Subsampling technique. A set of three micrometering valves [ Fig.  1 (xi)] ensures the retrieval of subsamples without affecting the pressure of the microbial community inside the bioreactor and without subjecting the collected biomass to strong shear forces. Sampling commences by sequentially opening valves 1, 2, and the micrometering valve 3. The dead space inside the valves and the connecting 0.25-in (outside diameter) titanium tubing is prefilled with autoclaved deionized water to minimize depressurization and cell lysis when valves 1 and 2 are opened (14) . The rate of sampling is controlled by the position of micrometering valve 3, and the rate of delivery of the medium solution is adjusted to maintain constant pressure inside the bioreactor (less than 1% pressure fluctuation at 50 MPa). At this stage, valves 1 and 2 are fully open, and the magnetic agitator is turned off. The first 4 ml of aliquot collected is discarded. Fluid samples for chemical analyses are withdrawn with gas-tight syringes. Samples for microbiological and molecular analyses are retrieved by closing valve 1 and fully opening micrometering valve 3. The cells trapped inside the medium-filled dead space of the sampling arrangement (i.e., titanium tubing, valves) represent the intact microbial population cultured in the bioreactor. This is an important component of the subsampling scheme given that it eliminates cell lysis effects imposed by the decompression of the sampled organisms to atmospheric pressure and by fluid flow through the orifice of micrometering valve 3.
State of the art. To our knowledge, this is the only incubation system that allows the continuous culture and subsampling of microorganisms under a variety of pressures and temperatures. Commercially available chemostats do not operate at pressures greater than 0.5 MPa. The design presented here has been influenced by previous developments (15, 16) , which, however, were not designed for continuous culturing and subsampling of free-living microorganisms. While an earlier high-pressure chemostat represents an important technological development (17) , it has been operated at a limited temperature range (3 to 25°C) and under uncontrolled redox conditions (i.e., oxic, anoxic), with no implementation of subsampling protocols necessary for high-pressure studies.
Bacterial strain, culture conditions, and growth quantification. Marinitoga piezophila strain KA3 T (DSM 14283) (13) was kindly provided by Stefan Sievert (WHOI) and Mohamed Jebbar (University of Western Brittany, Brest). M. piezophila is a strictly anaerobic, thermophilic (optimal growth temperature [T opt ], 65°C), chemoorganotrophic sulfur-reducing bacterium that has been shown to grow under elevated pressure conditions (P opt , 40 MPa; doubling time, ϳ20 min). The strain was isolated from a deep-sea hydrothermal environment (latitude, 13°N, in the East Pacific Rise) at a depth of 2,630 m (13) . In this set of experiments, strain KA3
T grew fermentatively under the following medium conditions, modified from those of Ravot et al. (18) : per liter, 0.3 g NH 4 Cl, 0.5 g MgCl 2 ·6H 2 O, 0.1 g CaCl 2 ·2H 2 O, 0.5 g KCl, 0.83 g sodium acetate trihydrate, 2 g yeast extract, 2 g tryptone, 30 g NaCl, 3.3 g PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)], 1 ml of vitamin solution 141 (as described by the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures), and 0.5 ml of 0.2% (by weight) resazurin. The medium was reduced under a 100% N 2 atmosphere, and the pH was adjusted to 6. After autoclaving at 120°C for 20 min, 5 ml of 7% (by weight) K 2 HPO 4 and KH 2 PO 4 solutions was added to the medium (1,000 ml).
To ensure that the medium solution was successfully maintained free of contamination, the medium was anoxically (under an N 2 atmosphere) delivered into the bioreactor and was incubated for 24 h at 65°C and atmospheric pressure prior to inoculation. The preinoculum culture grew heterotrophically under elemental sulfur respiration for 16 h before the start of the pilot growth assay. Cells were stained with a 0.1% (by weight) acridine orange solution and were visualized with an Olympus BX61 microscope with a UPlanF1 100ϫ (numerical aperture, 1.3) oil immersion objective. Scanning electron micrographs (SEMs) were taken using a model JSM-6500F field emission scanning electron microscope (JEOL). The beam was operated at 1 nA and 15 kV. For SEM, cells were collected on polycarbonate filters precoated with a 0.5-nm-thick layer of iridium to prevent charging under the ion beam (19) 
Specific growth rates (per hour) were determined by the change per unit of cell concentration as a function of time:
where C is the cell density (number of cells per milliliter) and t d is the doubling time in hours. The growth rate () was calculated by the slope of the linear function between the natural logarithm values of cell densities and incubation time. Statistical analysis. The statistical analysis associated with the estimations of the specific growth rates (see Table S2 in the supplemental material) was performed utilizing the technical graphic and data analysis software IGOR Pro and Arc, version 1.06 (http://www.stat.umn.edu/arc) (20) . The error in fit parameters was derived from the covariance matrix as SQRT(cov ii ), reflecting a deviation of 2 (95.4% confidence interval) (20) . Values of 1/(analytical error) 2 were applied as weight (21) . Along with the two-tailed probability (P value), regression models take into consideration the chi-square ( 2 ) distribution of the fitted values to assess the "goodness of fit."
RESULTS

Growth of M. piezophila during continuous culture under varying pressures and dilution rates.
Pilot experiments evaluating the effect of pressure on the fermentative growth of M. piezophila at an optimal growth temperature of 65°C (13) were designed to demonstrate the capabilities of the high-pressure bioreactor. At the initial stage of the experiment, the bioreactor was filled with a growth medium solution at ambient pressure and was heated at 65°C. After 24 h of incubation, samples were collected and examined for contamination using fluorescence microscopy. No contamination was observed.
Direct inoculation was commenced through the "2-1" pressure valve [ Fig. 1(iv) ] by injecting 2.5 ml of preinoculum into the 115 ml of medium in the bioreactor. The system remained in batch mode at atmospheric pressure for ϳ30 h while the microbial community grew in density from 1.2 ϫ 10 6 to 2 ϫ 10 6 cells ml Ϫ1 (see Table S1 in the supplemental material), in accordance with initial continuous culture protocols described by Harder et al. (22) . Continuous medium flow was established for the remainder of the experiment, with flow rates decreasing from 2 ml/min to 0.16 ml/min and 0.025 ml/min, corresponding to medium residence times inside the reactor of 1, 12, and 77 h, respectively.
The pressure manipulations imposed during this trial were performed in the following order: 0. 5 h) . The estimated specific growth rates () under continuous medium flow were constrained by both pressure and dilution rate. The dilution rate (D), defined as the ratio of the flow rate to the volume of the bioreactor (23, 24) , ranged from 1.043 to 0.013 h Ϫ1 (see Table S1 in the supplemental material).The magnetic agitator operated at 70 to 100 rpm throughout the course of the experiment. Continuous culture of M. piezophila was conducted without interruption for 352 h (see Table S1 ).
Initial continuous culturing was performed at 2 ml/min under 0.1 MPa for 8.5 h, with a transition to 0.16 ml/min for the last 15.5 h before changing to 10 MPa. At this pressure, the medium flow remained at 0.16 ml/min, and incubations lasted for 31.5 h (Fig.  2A) . After a second increase in pressure (to 20 MPa), continuous culturing was performed for the next 40 h, with a third and final adjustment in the medium flow rate of 0.025 ml/min for the last 15 h of incubation in this set. The remainder of the run was maintained at 0.025 ml/min, with pressures increasing as high as 40 MPa. The final subset of incubations was performed by gradually decreasing the pressure from 40 MPa to 30 (for 19 h), 20 (for 23 h), 10 (for 22.5 h), and 0.1 (for 17.5 h) MPa at a constant flow rate of 0.025 ml/min ( Fig. 2A ; see also Table S1 in the supplemental material).
Overall, growth was evident in all the stages of the experiment, as documented by increases in cell numbers during direct cell counts under fluorescence microscopy (see Fig. S1a in the supplemental material). Cells collected in our experiments appeared intact and were actively dividing (see Fig. S1b in the supplemental material). Sampled cells were also shown to be viable in postsampling transfers to Hungate culture tubes at atmospheric pressure. The initial dilution rate of 1.043 h Ϫ1 at 0.1 MPa suppressed the accumulation of microbial biomass after the initial cell density enrichment produced during batch mode. In order to avoid complete washout of the cells, the dilution rate was decreased to 0.083 h Ϫ1 (flow rate, 0.16 ml/min), resulting in a cell count increase. At pressures between 0.1 and 20 MPa and a flow rate of 0.16 ml/min, the density of the population stayed relatively constant, with values ranging between 3.42 ϫ 10 6 and 7.04 ϫ 10 6 cells ml Ϫ1 (average, 5.23 ϫ 10 6 Ϯ 1.81 ϫ 10 6 cells ml Ϫ1 ) (see Table S1 in the supplemental material) ( Fig. 2A) Table S2 in the supplemental material). This increase in cell density is indicative of the piezophilic nature of the microorganism (P opt , 40 MPa), as reported previously (13) .
M. piezophila fermentation metabolism. During the course of the experiment, dissolved formate was monitored as a metabolic by-product of mixed acid fermentation to obtain information on the extent of M. piezophila fermentative growth. The concentrations of formate produced appear to follow cell concentrations, with maximum values of 0.51 Ϯ 0.02 mM attained at 30 MPa (Fig. 2B) . At this point, the highest specific growth rates of 0.042 Ϯ 0.007 h Ϫ1 were observed ( Fig. 3 ; see also Tables S1 and S2 in the supplemental material). The initial concentration of the dissolved acetate in the medium was ϳ6 mM. Following M. piezophila growth with a pressure increase, acetate was accumulated in the bioreactor, likely as a by-product of fermentation as well. The highest concentration of ϳ8 mM was reached at 40 MPa and was maintained throughout the course of the experiment, further supporting the minimal contribution of acetate as a carbon source to the growth of M. piezophila (13) . A similar inability to utilize acetate has also been observed in Marinitoga okinawensis (25) . The specific growth rates attained at all pressures were significantly lower than those determined previously (13) (see Table S2 ), reflecting the differences in growth between heterotrophic S 0 respiration and fermentation in the absence of elemental sulfur. Dissolved acetate was continuously accumulated during monitoring of the growth of M. piezophila. However, this was not the case for formate, which appeared to be depleted during the decompression stage of the experiment (288 to 382 h). Continuous culture of M. piezophila was conducted without interruption for 352 h. The analytical uncertainties presented can also be found in Table S1 in the supplemental material.
Description of continuous growth of M. piezophila. Throughout the continuous culture of M. piezophila, microbial growth was adjusting to the different pressures and dilution rates. The relationship between the dilution rate and the specific growth rate dictates the sustainability of the microbial population during continuous culture (23, 24) . For conditions under which D was greater than , such as those exemplified at 0.1 (47 to 55 h) and 10 (81 to 103 h) MPa, cell washout suppressed biomass accumulation (Fig. 3) . At 20 MPa (117 to 141 h), with D equal to , the population appeared to be in a steady state. Exponential growth was observed at 30 (150 to 189 h) and 40 (242 to 285 h) MPa, when D was less than . However, the piezophilic nature of M. piezophila, combined with low D conditions, shifted growth from exponential to death phase (194 h). Under these conditions, which mimic those of batch culture, a decline in growth could be induced by depletion of the limiting substrate and/or by the accumulation of inhibitory substances inside the bioreactor.
Considering the effect of the relationship between the dilution rate and substrate availability on microbial growth during continuous culture, the growth patterns of M. piezophila at different pressures can be described according to the Monod equation (22-24, 26, 27 ):
where max is the maximum growth rate, s is the concentration of the growth-limiting substrate measured at the outflow of the bioreactor, and K s is the substrate concentration at which the growth rate equals max /2. It can be assumed that max approximates the maximum specific growth rate measured in batch mode experiments (23) . While chemostats are considered self-adjusting systems that can reach steady-state conditions at different dilution rates (22) , complete washout occurs when D is greater than a critical value (D c ).
At this point, s is equal to the concentration introduced by the inflowing medium (s R ), and D c is estimated as follows:
This parameter defines the conditions under which negative growth rates prevail (23, 28) . Such conditions might have occurred during the growth of M. piezophila at 10 MPa (81 to 103 h) (see Tables S1 and S2 in the supplemental material) , where an instance of negative , different from the imposed dilution rate, is documented (Fig. 3) . Thus, at points like this, the decrease in cell densities in the culture represents a washout stage. Here, if one assumes that yeast extract is acting as the limiting energy and carbon source with an s R of 2 g liter Ϫ1 , and that K s is Ͻ Ͻ s R (23) , then D c is approximately equal to max , which is approximately equal to 0.083 h Ϫ1 , corresponding to a doubling time of 8.3 h. This value is greater than the specific growth rates attained at 30 and 40 MPa (0.042 and 0.034 h Ϫ1 , respectively). However, at these high pressures, the values observed are positive, exceeding the dilution rates (Fig. 3) , and thus, max values are projected to be greater than the max estimated at 10 MPa (0.083 h Ϫ1 ). Therefore, at 30 and 40 MPa, max is expected to occur at a much higher dilution rate. Overall, our experimental data document the self-adjusting activity of M. piezophila as population densities increase and decrease (either through washout or by restricted growth due to substrate limitation and/or the accumulation of inhibitory substances) in order to maintain a general steady state.
DISCUSSION
Through our pilot assay with M. piezophila, we demonstrate the success of routine continuous culturing experiments with nonintrusive sampling (see Fig. S1 in the supplemental material) at a range of dilution rates and pressure/temperature regimes. This growth assay successfully maintained elevated temperature and pressure conditions during a single run, over a period of 382 h of continuous operation. This setup has also overcome the difficulty of incorporating gaseous substrates, such as H 2 and CO 2 (data not shown) (see Fig. S2 in the supplemental material), in high-pressure experiments, addressing an important experimental barrier for studying many relevant metabolisms under pressure (29) . Through our time series chemical analyses, we also show the ability to monitor substrates under different physical conditions for continuous culture substrate-limited assays. Moreover, contamination was not found to be a real difficulty for the operation of the system, even for nutrient-rich media such as the one we used during M. piezophila culturing. This was confirmed by the lack of contamination, as determined by fluorescence microscopy, after the incubation of cell-free medium in the bioreactor for 24 h and by the lack of contamination in the leftover reservoir medium at the end of the pilot assay. Through manipulations of medium flow rates and pressure conditions, we demonstrate that, like dilution rates, the activity of M. piezophila adjusts to pressure variations so as to achieve steady state during continuous culture.
The combined temperature/pressure/dilution rate adjustments available through this system allow for meaningful experimentation on microbial processes associated with a broad array of unexplored environmental regimes. For example, this approach will be relevant for addressing current questions about the size and activity of the subsurface biosphere (2, 4, 10, 11, (30) (31) (32) (33) . While it is well accepted that microorganisms are able to cope with these extreme conditions (34) (35) (36) , there is no knowledge of how microbes assess surrounding energy so as to shift from growing to Table S2 in the supplemental material). The statistical analysis and the associated errors in D and estimations are shown in Table S2. surviving under maintenance energy conditions, and finally to staying alive in a dormant stage (28) . By adopting dilution rates as low as those employed in our continuous culture experiment, and by restricting growth rates to levels lower than those attained in high-pressure batch cultures (10, 23, 28) , the relationship between energy limitation and microbial growth can be explored. We argue that fundamental questions about the kinetics, bioenergetics, and efficiency of microbial metabolisms, knowledge of which has remained in its infant stage for the piezosphere, can now be explored by use of this system in combination with transcriptomics, proteomics, and metabolomics (1) .
This technological advancement also allows the onsite incubation of high-pressure microbial communities present in natural fluids without depressurization (see Fig. S2 in the supplemental material). Addressing the responses of both pure cultures and complex environmental microbial communities to simulated in situ physical (temperature, pressure) and chemical (energy status) conditions will help link experimental physiological observations to microbial growth in situ (37) .
As a final note, the development of the high-pressure bioreactor is also of practical significance for (i) synthesizing microbial products in industrial biotechnology (38) , (ii) improving biofuel/ bioremediation procedures (39) (40) (41) , and (iii) contributing to research on high-pressure food processing (42) (43) (44) . Recently documented microbially mediated biodegradation processes in subsurface petroleum reservoirs, on the one hand (39) (40) (41) , and diesel-like fuel biosynthesis, on the other (45-48), make exemplary subjects for high-pressure continuous culture investigations of key microorganisms relevant to bioengineering. In any case, constraining microbial growth experimentally at elevated pressures will promote both our fundamental knowledge of life in the piezosphere and our understanding of the optimization of biomaterial yields or biological reaction rates for industrial applications.
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